Abstract. The aim of these notes is to introduce the experimental methods and theoretical works in the domain of magnetic and resonant x-rays scattering on single crystals to investigate the electronic and magnetic long range order in strongly correlated electron systems. We highlight the role of the x-rays polarization analysis and control to determine the magnetic structure of materials and, more generally, the electronic long range order parameters responsible for the phase transitions.
INTRODUCTION
The investigation of the electronic and magnetic order parameters and their evolution as a function of thermodynamic variables is one of the main research fields in the domain of strongly correlated electron systems and complex materials, in which different and often competing order parameters are present, giving rise to many spectacular manifestations of quantum physics in condensed matter. In fact, it is well known that the complex interaction between charge, orbital and spin degrees of freedom can determine peculiar phenomena like superconductivity, colossal magnetoresistance, metal-insulator transitions, charge ordering. The explanation and the description of these systems is non trivial, and they are a challenge for theoretical models that aim to calculate the electronic structure as it is necessary to correctly treat electron-electron interactions.
Several scattering techniques using neutrons, x-rays, muons, electrons are exploited to investigate the microscopic electronic correlations in solids. Among these different techniques, neutrons have occupied an important role in the studies of magnetism in condensed matter, and they represent one of the most important tools to investigate the static and dynamic magnetic correlations in crystalline materials. The advent of modern synchrotron radiation sources has opened new possibilities to exploit hard x-rays as a probe to study magnetic systems. In the last fifteen years the number of beamlines dedicated to magnetic investigations has been growing at an amazing rate, and today every major synchrotron light source has a large variety of specialized instruments.
The peculiar characteristics of synchrotron radiation, such as the capability to probe small scattering volumes (small crystals or magnetic thin films) with a highly collimated and intense beam, the high a e-mail: paolasini@esrf.eu
ELEMENTS OF THEORY OF MAGNETIC AND RESONANT X-RAY DIFFRACTION
The aim of any spectroscopic experiment is to determine the temporal evolution of the physical state of the system constituted by a large ensemble of particles at the thermal equilibrium at a given temperature. For this purpose, we measure the variations of the dynamical variables of the probe after the interaction with the sample by the scattering process (elastic and inelastic). Neutrons or hard x-rays scattering have energies comparable with the sample eigenstates, and the quantity which is directly measured in a scattering experiment is the differential cross section, defined as the probability for a particle of incident energy E i to be scattered along a given direction, into an unitary solid angle , with a final energy E f .
The fundamental interaction of x-rays with bound electrons can be due to the electron charge or by the coupling between the electric and magnetic field of the incident photons with the atomic magnetic moment. For energiesh < 100 keV the x-rays interact weakly with bulk samples, and the scattering maybe accurately treated in the lowest Born-Oppenheimer approximation. Photons are defined by the initial state |k,ˆ characterized by wavevector k, polarizationˆ and energyh k . Initially the electrons are found in the ground state |g , an eigenstate of the unperturbed electron Hamiltonian H el with energy E g . The interaction between electrons and photons creates a new final eigenstate |f for the electrons with an energy E f and a scattered photon in the state |k ,ˆ with an energyh k . Here we consider the differential cross section for the coherent elastic x-ray scattering on single crystals (h k =h k and E g = E f ), in which the individual atomic scattering amplitudes interfere at different lattice sites n:
where and r 0 = e 2 /mc 2 ≈ 2.82 · 10 −5 Å is the classical electron radius, f n (k, k ,ˆ ,ˆ ,h k ) is the scattering amplitude of the electrons at site n, R n is the position of the n th site in the crystal, Q = k − k is the scattering vector.
In x-ray scattering experiments the scattering amplitude f n (k, k ,ˆ ,ˆ ,h k ) = f 0 n + f magn. n + f n + if n has two regimes, determined by the incident photon energy: the non-resonant limit contains the energy independent part of the scattering amplitude f . The resonant term f RXS = f + if ", also called anomalous or dispersive term, appears when the incident x-ray energy lies near an absorption edge (i.e. K, L, M ... absorption edges) as a consequence of the photo-absorption effect, and corresponds to transitions of core electrons into available electronic states above the Fermi energy level.
Following the perturbative method developed by Blume [9] , which considers an unperturbed system described by the electron and non-interacting photon Hamiltonians, the scattering amplitudes f (k, k ,ˆ ,ˆ ,h k ) can be developed in non-resonant and resonant scattering amplitudes, by assuming that the unperturbed radiation is monochromatic, and the vector potential which characterizes the radiation field is a linearly polarized plane wave.
We report here the final expression of elastic scattering amplitudes, in which the non-resonant and the resonant regimes are calculated separately [10] : 
where the first term is the Thomson contribution f 0 associated to the isotropic charge density distribution, the second term describes the non-resonant x-ray magnetic scattering (NRXMS) amplitude f magn. , and it is associated to the orbital and spin magnetic density distribution. The vectors A and B contain the coupling between the photon polarisation and the scattering wave vectors for the orbital and the spin part of the NRXS amplitude, respectively. The last two terms are the resonant contribution f RXS = f + if , associated to the core-hole resonant transitions in which the initial photon has been annihilated first (third term) or the final photon has first been created (fourth term) and a photoelectron is created in the |c with energy E c and lifetime [12] . The current operator O(k) = j e ik·r j (p j − ihk × s j ) probes the intermediate states |c when the incident energy is tuned across a characterisc energyh k = E g − E c , and were c is related to the life time 2 h / c of the excited level |c with energy E c .
The sums in Eq. (2.2) are extended to those electrons which interact with the radiation field, namely all the core and valence electrons Z for the Thomson term (f 0 ∝ Zr 0 ), but only the electrons occupying the partially-filled shells in the case of the magnetic term (f magn. ∝ Z magn. r 0 ), and the resonant electrons (f RXS ∝ Z res. r 0 ) for resonant terms. Notice that we have omitted the thermal population factor because we assume for simplicity that only one state is populated at T = 0.
Non-resonant X-rays scattering
Far from the characteristic energy (h k E c − E g ) the non resonant terms f 0 and f magn. in Eq. (2.2) are dominant. A subject of debate is the determination of the limit of this assumption, which is certainly valid when the incident photon energy is tuned above the absorption edges (and considering the higher limith k mc 2 ). However, for many experimental reasons, most of the NRXMS experiments are performed below the absorption edges, in which the presence of the resonant contribution could affect 03002-p. 3 Collection SFN the measured scattered intensities. In these cases a necessary and careful estimation of the resonant contamination must be evaluated case by case 1 . The Thomson scattering amplitude is directly related to the Fourier transform of the electron charge density. The NRXMS amplitude is very weak when compared to the Thomson term, because the relativistic character of the electron-photon interaction introduces a scale factor (hQ)/(2 mc) = 2( c / ) sin between magnetic scattering and Thomson scattering amplitudes, respectively, where here c is the Compton wavelength of the electron ( c = 2h/mc = 0.002426 nm). Compared to the classical charge scattering the pure magnetic scattering amplitude is thus significantly reduced by a factor ofh k /mc 2 , and the ratio between the magnetic and charge scattering cross sections can be estimated as: where mc 2 = 511 keV is the rest mass of an electron, Z magn. is the number of magnetic electrons per atom, Z the number of electrons per atom and f m and f are the magnetic and charge form factors, respectively. M is the magnetic order parameter, being equal to one only at low temperature, when the system is magnetically saturated. For example in the case of Mn 2+ ion this ratio becomes (assuming that f m /f ∼ 1). The NRXMS amplitude f magn. could be expanded in terms of the Fourier transforms of orbital and spin magnetization density L(Q) = g| j l j e iQ·r j |g and S(Q) = g| j s j e iQ·r j |g , respectively, directly related to the magnetic form factors. Then the f magn. amplitude assumes the operative form:
where P L and P S are vectors describing the polarization and wavevector dependence of the magnetic scattering process as:
These expressions could be simplified by choosing an appropriate coordinate reference system for the polarization vectors with respect to the scattering geometry, as we will see in Section 3.2.1 [11] . It can be seen also that, by taking advantage of the geometrical prefactors for spin and orbital moments, x-ray magnetic scattering provides the possibility to separate the spin S and orbital L moment contributions in the total magnetization density.
Resonant X-rays scattering
In diffraction or in absorption techniques an incoming photon is absorbed and a core electron is promoted to an empty continuum state or an empty bound state, depending on the photon energy. For example, when an electron is promoted to a continuum state well above the absorption edge (more than 30 eV), we have the Extended X-ray Absorption Fine Structure (EXAFS) regime in the case of the absorption or the Extended Diffraction Anomalous Fine Structure (EDAFS) in the case of the diffraction. For energies less the 30 eV from the absorption edge, we have the X-rays Absorption Near Edge Structure (XANES) regime for the absorption and Diffraction Anomalous Near Edge Structure (DANES) for the diffraction. With RXS here we include the general theory of photon-electron JDN 20 interaction in the non-relativistic limit (when NRXMS terms are neglected) which can be applied to both absorption and diffraction regimes, because the scattered intensities are related to the matrix elements of the interacting operator between the ground state wave function and the excited one. The link between RXS diffraction and absorption spectroscopies is given in the forward direction by the imaginary part of scattering amplitude f (Q = 0), which is related to the absorption cross section:
The peculiarity of RXS diffraction with respect to the other absorption spectroscopies is that the different scattering amplitudes interfere coherently, and this allows the sensitivity to long range order and, in favorable cases, to single out the individual high-order multipoles with their symmetries.
Notice that the wavevector dependence of the RXS amplitude f RXS = f + if is often very small and in most of the cases could be considered energy dependent. In fact these terms arise mostly from inner-shell electrons, and thus are less sensitive to the scattering angles. Usually, in the analysis of the RXS diffraction data, it may be quite accurate to use zero-angle value for f and f which are derived from absorption data or calculated from theory in the dipole approximation, where the atomic size effects are neglected.
Different approaches can be used to expand the RXS amplitude and to evaluate the matrix elements which contain the current operatorsÕ(k) andÕ
. Following the Hannon model for resonant exchange scattering [13] , two possible photoelectron transition are considered in RXS regime: the electric dipole (E1) and the electric quadrupole (E2) transitions, which are related to the symmetry of the electronic shell and to the type of orbitals probed in the intermediate states. Practical formulas for the magnetic part of RXS can be found in Ref. [14] , in which the Hannon's terms are developed in a cartesian reference system. However these expressions are only valid for SU(2) symmetries, i.e., spherical symmetry broken by an axial vector (for instance, the magnetic moment for the magnetic terms). Table 1 shows the absorption edges exploited for RXS studies and associated to the elements of interest for resonant magnetic diffraction. The lines in italic represent absorption edges in the soft x-ray regime, where the scattering conditions are not fulfilled for most of the ordered magnetic structures, but with a huge enhancement of the resonant magnetic amplitude, as shown in the last column (L-edges of transition metals and M-edges of rare earths). The most important edges for hard RXS cover the energy range 3.5-15 keV, which includes K-edges of transition metals, the L-edges of Rare-Earths and both the L-edges and the M-edges of actinides. The last column of Table 1 shows the estimation of the magnetic scattering amplitude for the different shells. Notice the strong enhancement at M-edges of rare earths and actinides, arising from the asymmetry of the transition probabilities coupled with the spin-orbit splitting either in the ground state or in the intermediate states. The sensitivity to magnetic moments comes from the Pauli principle and the spin-orbit interaction which ensures the availability of the intermediate states near the resonance energy. The spin-orbit interaction plays a role both in the core levels with nonvanishing orbital moment l = 0, as in the case of L 2 and L 3 edges of rare earths, or in the much weaker spin-orbit interaction of valence states, as in the case of K-edge of transition metals, where the 1s core levels have a vanishing spin-orbit interaction l = 0, as shown in Table 1 . The extension of Hannon formula is necessary for non-centosymmetric systems, as we will see for example in Section 4.1 for the case of forbidden lattice reflections at the K-edge resonance in V 2 O 3 [15] .
Here we summarise the main results of the multipole expansion development of RXS terms by restricting the analysis to the relevant multipole contributions detected by RXS, i.e electric dipole E1 and electric quadrupole E2 transitions, by omitting the spin and orbital parts in the dispersive term (M1 and M2 matrix elements), which are included in the general expansion of the current operator in the so called r-form (see for more details Ref. [18] ).
03002-p.5 JDN 20 where , , , are indexes which vary independently over the three cartesian directions x, y, z, and we have used the following shorthand notation for the transition matrix elements D = g| j r j |c c| i r i |g , I = g| j r j |c c| i r i r i |g and Q = g| j r j r j |c c| i r i r i |g . These transition matrix elements D , I and Q , are associated to (E1-E1), (E1-E2) and (E2-E2) contributions and are characterized by cartesian tensors of second, third and fourth rank, respectively.
The magnetic atoms in the unit cell are related by symmetry operations and the site symmetry of the individual atoms has important implication on the possible allowed resonant transitions defined by the matrix elements of Eq. (2.9). It is therefore important to determine the invariant behaviour of these tensors D, I and Q under the following symmetry transformations of the coordinate system: the space inversion or parity which corresponds to the under inversion of space coordinates, i.e. (x, y, z) → (−x, −y, −z), and the time reversal operation change of the direction of magnetic moments, or, equivalently, change k → −k. Both tensors D and Q are even under the space inversion symmetry. In fact they can be expressed as a product of two matrix elements both containing an odd or even number of coordinates r i . This leads to an even final product. This is not true in the case of the tensor I which is odd under inversion symmetry operation, as it is made of an odd number of position operators. As a result, if an atom sits in an inversion center, the I tensor must be zero, or, in other words, dipolequadrupole transition (E1-E2) are only allowed for atoms breaking the inversion symmetry.
Each tensor element D (or I , or Q ) can be decomposed in its irreducible components T by making an appropriate basis change in the tensor space, and by considering the rotational symmetry operations [19] . For example, for the (E1-E1) dipole terms, the scattering amplitude can be written as:
where X (p) are spherical tensors constructed from the polarization vectorsˆ andˆ starting from the cartesian tensors and , and developed in spherical tensors [20] . Specific expression of these spherical tensors can be found in Refs. [17, 21, 22] .
In general the RXS amplitude is expressed as a scalar product of two irreducible spherical tensors:
where
−m depends only on the incident and scattered polarization and wavevector, while F (p) m (j ; ) is associated to the tensorial properties of the j-atom, and can be represented in terms of multipole expansion. The rank p defines the order of the multipole in the electromagnetic field expansion and the projection can take (2p + 1) values that satisfy (−p ≤ m ≤ p). p = even tensors are time-even, i.e. invariant under time reversal, whereas p = odd tensor are time-odd.
The classification of multipole transitions has been developed in Refs. [18, 21, [23] [24] [25] , and a classification of the tensors associated to the multipole expansion are summarized in Table 2 . For the tensor ranks p = 0, 1, 2, (E1-E1) and (E2-E2) tensors represent the same physical quantities, though referred to states with different angular momentum. The classification of multipoles illustrated in Table 2 is dictated by the unique properties under time-reversalT and parityP transformations of F (p) tensors. For any given tensor rank p = 1, 2, 3, 4, there is just one electromagnetic multipole of the same rank (1 →dipole, 2 →quadrupole, 3 →octupole, 4 →hexadecapole) with the sameT andP properties. Notice thatP -odd (E1-E2) tensors have bothT -odd (sign -in the exponent) andT -even (sign +) terms for any p, whileP -even tensors (both (E1-E1) and (E2-E2)) areT -odd if of odd rank andTeven if of even rank.T -even tensors are associated to a charge multipoles, whereasT -odd tensors are magnetic.
As each F (p) is scalarly related to a corresponding irreducible tensor X (p) (as shown in Eq. (2.11)), they have the sameT andP properties. For example, in both the (E1-E1) or (E2-E2) channels, 03002-p. 7 Collection SFN 
is a scalar (charge monopole, which corresponds to the Thomson term) and X (1) ≡ˆ * ×ˆ is aT -odd andP -even vector (the magnetic dipole term). Analogously, in the (E1-E2) channel, the previous quantities combine with the twoP -odd vectors (k + k ), which isT -odd, and (k − k ), which isT -even.
The tensorial nature of resonant x-ray scattering amplitudes has important consequences in the x-ray scattering cross section Eq. (2.1), because forbidden lattice reflections appear at resonance, as demonstrated in seminal experimental works of Templeton [26] , with timely analysis of Dimitrienko [27] , and the observation of Finkelstein [28] , with the theoretical interpretation of Carra [29] .
RXS is a unique tool to investigate the physics of multipolar ordered parameters and is one of the most exciting research domain of investigation of strongly correlated electron systems. However, it must be remarked that in many cases the possibility to isolate the individual multipole terms remains a hard experimental task, because of the difficulty to disentangle the high order magnetic or electric multipole contributions from the dominant resonant terms. For example, in the case of L 3 edge of rare earths the magnetic electric dipole contribution F (1) (E1−E1), which is associated to the virtual transitions from 2p → 5d states, dominate the scattered intensities, hiding possible high order multipole terms F (2) which are allowed for symmetry. In order to single out the individual components of each multipole through the observation of Bragg forbidden lattice reflections, a dedicated experimental tool have been developed in parallel with the development of the theoretical models for the symmetry analysis of resonant phenomena.
EXPERIMENTAL METHODS
From the previous section it is clear that in order to discriminate the scattering events summarized in Eq. (2.2), it is necessary to develop an appropriate instrumentation able to deal with the complex relationships between the different interference terms that could be encountered in a diffraction experiment. In this section we will summarize the experimental methods for polarized x-ray diffraction and the advance in instrumentation to study magnetic systems, exploiting the basic properties of 03002-p.8 JDN 20 synchrotron radiation. A typical beamline dedicated to the resonant and x-rays magnetic scattering was ID20 beamline at ESRF, now dismounted, and a general description of the its experimental setup can be found in Ref. [34] , and a summary of the scientific applications in Ref. [35] .
Experimental setups
In the magnetic and resonant x-ray scattering technique the choice of the scattering geometry and the sample environment is strictly related to the complex relationships between the photon polarization state and the scattering wavevector Q with respect to the sample orientation, as we have seen in previous Sect. 2. X-ray absorption becomes large at low energy, and then RXS experiments probe a small scattering volume near the surface of the sample. This can be an advantage for single magnetic domain studies, but a severe limitation is introduced in the geometrical scattering condition, due to the reduced Ewald sphere and large scattering angles required to span the available reciprocal lattice space. As a result, most of magnetic and RXS experiments cannot be done in transmission and absorption corrections have to be taken into account.
Two scattering geometries can be used for RXS studies: the vertical scattering geometry, adapted for azimuthal studies, and the horizontal scattering geometry for experiments under extreme conditions, as shown in Figure 1 . The azimuthal diffractometer allows the rotationˆ of the sample around the scattering vector Q, in order to change the angles between the incident x-ray polarization delivered by the undulators (in generalˆ ) and the sample crystallographic reference frames, as shown in Figure 1a . The azimuthal method is also used to discriminate the multiple scattering events (the so called "Renninger scans"), to establish the magnetic domain populations and to add an extra geometrical degree of freedom in diffraction experiments. This method is extensively used to discriminate the character and the symmetries of the tensors involved in resonant scattering amplitudes, as explained in Section 2.2.
In the horizontal scattering geometry (Fig. 1b) the incident photon polarizationˆ is parallel to the scattering plane, but could be rotated by a phase plate setup, in order to supply the limitation of azimuthal rotation. The detector arm can also move off plane in the so called "normal beam" geometry, to collect out-of-plane Bragg reflections. This type of diffractometers are specially engineered to hold heavy cryogenic devices like superconducting split-coil magnets, 4 H e evaporation cryostats, pulsed magnetic field systems.
It is important to remark the necessity to have diffractometers with a high degree of mechanical stability, reproducibility and a sphere of confusion close to the micrometer size. In fact when we deal with high-Q resolution and small single crystals the alignment of samples and the correct set of the UB matrix is primordial. In top of that typical single crystals have Bragg peaks widths of the order of 0.005-0.010
• , and if the polarization analyser is used, the alignments become more stringent.
X-rays polarimetry
The main advantage of X-rays with respect to neutrons is that synchrotron radiation produced by planar undulators is completely linearly polarized, with a polarization rate close to 99.9%. The electric field unitary vectorˆ which characterises the X-ray polarization is parallel to the storage ring orbit plane. In general the use of polarized probes (neutron and X-rays) allows to extract more detailed information from the scattering amplitudes encoded in the Bragg intensities. The advantage to have a fully polarized and brillant X-ray source could be exploited to disentangle the different scattering process involved in RXS and NRXS contributions, as we have seen in the Section 2. The different polarization pre-factors contained in the NRXS amplitudes in Eq. (2.4) or in more complex polarization tensors X (p) for the RXS amplitudes in Eq. Experimental setup of ID20 magnetic scattering beam line at ESRF. a) Standard four circle diffractometer operating in a vertical scattering geometry. The incident X-ray polarizationˆ is perpendicular to the scattering plane and the scattered polarization can be analysed in − or − polarization channels. The sample can rotate around the scattering wavevector Q to perform the azimuthal scans. b) Normal beam six circles diffractometer operating in an horizontal scattering geometry. The incident X-ray polarizationˆ is parallel to the scattering plane. The detector arm can move perpendicular to the scattering plane (normal beam geometry) to detect offplane reflections. In this case corrections to the polarization relationship have to be take into account in the data analysis.
polarization dependence of the scattered beam offer the possibility to extract information encoded in the Bragg reflections, a condition particularly useful when experimental factors limit the access to the Ewald sphere, as in the case of sample environment restrictions for cryostats, magnets and high-pressure cells, or when sample absorption forbids transmission geometry.
Polarization analysis
The polarization state of an incident or a scattered x-ray beam is described by a generic unitary vector orˆ , respectively, parallel to its electric field E. Various orthogonal polarization basis vectors can be choose as a reference system: here we choose an orthogonal basis in whichˆ is the polarization perpendicular to the scattering plane andˆ is the polarization lying in the plane, as shown in Figure 2a . .2)), the scalar product of the incident and scattered x-ray polarizations can be expressed in the form:
The polarization factor tells us that, if the incident radiation is purely polarized along one of the basis vectorsˆ orˆ , then the Thomson scattering does not change its polarization. This properties is used to select the linear polarization of the scattered photons by means of a polarization analyzer device. The polarization analysis of the scattered beam in the hard x-ray regime is realized through the elastic Bragg diffraction from the polarization analyzer, a high quality single-crystal, whose crystal properties (lattice spacing) are selected to fulfill the diffraction condition with an = 45
• for the working energy (see Fig. 2 ). The analyser crystal acts as a polarisation filter for the scattered X-rays because the polarisation term (ˆ " ·ˆ ) contained in the Thomson scattering amplitude excludes the rotation of the x-ray polarisation [36] . In addition, it reduces the fluorescence background near the absorption edges and increases the 2 angular resolution.
By applying Eq. (3.1) to the analyser crystal (with Bragg angle an ≈ 45 • ), the Jones matrix for the analyser becomes:ˆ
whereˆ is the photon polarization after diffraction from the analyzer crystal (Fig. 2a) . The polarization analysis, combined with the rotation of the sample about the scattering vector Q = k − k (the so called azimuthal rotation), is the basic method to separate the magnetic or RXS intensities from the charge scattering.
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Collection SFN a) is perpendicular to the vertical scattering plane. The azimuthal scanˆ around Q = (002) has a flat dependence, because the Thomson scattering is isotropic. The charge scattering does not change the scattered x-ray polarization and the x-ray intensity is detected only when = 0
• , i.e. in the − polarization channel. b) X-ray diffraction of a magnetic reflection Q = (0, 0, 2.5). The magnetic moments are oriented perpendicular to the scattering plane when the azimuthal angle = 0
• . Both polarization channels − (open circles) and − (black dots) have a sinusoidal dependence which reflects the absence of magnetic component S 3 along Q. When = 90
• (moment along u 1 ) the scattered intensity is recorded when = 90 • , i.e. in the − polarization channel. c) In the resonant regime, and in the case of magnetic dipole transitions F (1) (E1 − E1), the magnetic intensity of the antiferromagnetic reflection of the previous example has the same azimuthal dependence in the − channel, but no signal is detected in the − channel.
Example: Linear polarization analysis of an antiferromagnetic structure Let us consider the linear polarization analysis of a simple antiferromagnetic structure. The polarization analysis of the scattering beam is performed by rotating the crystal analyser around the scattered wavevector k about the angle . As expected from the polarization dependence of Thomson scattering amplitude (see Eq. (3.1)), when the incident polarization isˆ , the scattered intensity is detected only when = 0
• (or = 180 • ). Moreover, because the Thomson scattering (Bragg diffraction) is given by an isotropic charge distribution, then the azimuthal scans do not give any variation of scattered intensities as a function ofˆ , as shown in Figure 3a .
In the case of an antiferromagnetic structure depicted in Figure 3b (we consider a Bravais lattice, with only one magnetic atom per unit cell), the NRMS amplitude given by Eq. (2.4) could be developed by projecting the spin S i (Q) and the orbital L i (Q) momentum components along the cartesian reference system u i (see Fig. 2 ). We can easily see that, considering the relations between the polarization vectors 03002-p.12 JDN 20 and the scattering wavevectors in Eq. (2.5), the Jones matrix for the magnetic scattering amplitude is:
In the case of the antiferromagnetic structure shown in Fig. 3 -b, where the magnetic moments are perpendicular to the scattering vector Q = (0, 0, 2.5), the azimuthal rotationˆ produces a sinusoidal modulation of scattered intensities in both the polarization channels. In fact, if we consider only the incident polarizationˆ , the detected intensities in the two polarization channels − and − are proportional to the square of the NRMXS amplitudes:
where whenˆ = 0
• , S 1 = L 1 = S 3 = 0, and whenˆ = 90
• , S 2 = S 3 = 0. In this particular simple case the maximum (minimum) of the − ( − ) signal corresponds to the rotation = 90
• , when the magnetic moments are parallel to the scattering plane.
This scattering configuration is particularly useful in the determination of the magnetic moment orientation or the magnetic S-domain population. Moreover, it can be seen that by taking advantage of the different geometrical prefactors for spin S and orbital L moments, x-ray magnetic scattering provides the possibility to separate spin and orbital moment contributions from the total magnetization density. The problem of discrimination of L and S presents a distinct difference from the neutron scattering, where only the total magnetic moment is probed. Moreover, the L/S ratio can be probed in the ordered state, and in particular in antiferromagnetic systems or in modulated magnetic structures. The method of separation of L/S has been applied successfully in simple transition metal oxides [15, 37, 38] , in actinides [39] and in Jahn-Teller cuprates [40] .
Similar analysis can be done for the polarization and azimuthal dependence of RXS amplitudes, despite the complications of the tensorial properties of scattering amplitudes, and the number of possible electric transitions associated to the multipole terms, as described in the Par. 2.10. However, it is interesting to consider the magnetic part of the term associated to the electric dipole transition of Eq. (2.10), i.e. the term which includes only the magnetic dipole F
(1) (E1 − E1) in Table 2 . The polarization dependence is quite simple in this case because the resonant magnetic x-ray scattering (RMXS) amplitude is given by:
where z i are the components projected in the reference frame u i of the unit vectorẑ parallel to the total magnetic moment. Notice thatẑ is just an axial vector parallel to the magnetic moment direction, and does not include any form factor. In the specific example of Figure 3c , the RMXS amplitudes becomes:
This magnetic dipole in general dominate the RXS cross section and is the simplest to calculate. The polarization analysis and the azimuthal scans in this case are very similar to the − channel of Figure 3b , but no scattering is produced in the − channel (the corresponding matrix element is null in Eq. (3.5)). This particular scattering condition (incidentˆ polarization) is then favorable in order to distinguish the existence of higher order multipoles from the simple magnetic dipole dependence, as we will see in the following examples of Section 4.1.
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X-rays phase retarders
The incident linear light polarization delivered by the planar undulators can be changed (linear or circular) by using an x-ray phase retarder, and the physical origin of this phenomenon is related to the theory of dynamical diffraction in a perfect crystal [41] [42] [43] [44] [45] . Different crystalline materials can be used for phase plate retarders. Diamond crystals fulfill the condition of low absorption at the current working energies. Good experimental results are obtained using a thin single crystal of diamond, inserted upstream to the sample, and set in order to excite a given (111) reflection in symmetric Laue geometry. In this case, the diamond slab is cut perpendicular to the (110) axis, as shown in Figure 4a . Alternative methods could be used, as for example in the case of asymmetric Laue geometry with (111)-cut. In this case, because the 3-fold symmetry of the crystal surface, one has to take care to avoid exciting one of the equivalent reflections (111) and (111) .
The two X-ray polarization components E 0a parallel to this scattering plane (polarization in the diamond reference frame) and E 0b ( polarization) propagate through the diamond crystal with different refraction index (n − n ) = 0, and this difference depends on the departure from the Bragg angle of the incident wave .
When the crystal is slightly detuned from the Bragg position (111), the incident and transmitted waves are then phase shifted with respect to each other, as shown in Figure 4b . The phase plate is oriented in order to form an angle pp = 45
• with respect of the laboratory reference frame, where the incident X-ray polarization isˆ (E 0a = E 0b in the diamond reference frame), as shown in Figure 4b . In 03002-p.14 JDN 20 this condition, the incident and transmitted polarizations can have a phase difference defined as:
where F h and Fh are the complex structure factors for (hkl) and (hkl), r e the classical electron radius, V the unit cell volume, the X-rays wavelength, pp the phase plate Bragg angle, d the beam path in the crystal and pp the misalignement relative to the Bragg angle pp . Circular polarization is obtained when the phase shift is set to ± /4 (quarter wave plate), and it is particularly useful for the study of ferromagnetic and helical magnetic structures.
Linear polarization is obtained when the phase shift is set to ± /2 (half wave plate). The plane of polarization is then rotated by twice the angle by which the scattering plane is inclined (angle pp ). By rotating the diamond crystal (set in half wave plate mode) about pp , it is possible to change continously the linear polarization direction in order to perform the linear polarization scans. Linear polarization with variable orientation will offer an alternative to the azimuthal dependence, especially in experimental configurations that prohibit an azimuthal rotation of the sample, e.g. when using the cryomagnet, or for surface diffraction, where the azimuth is coupled to the angle of incidence.
The phase plate system is strongly sensitive to the off-axis aberrations, as for example the beam instabilities, the phase shift inhomogeneity due to angular divergence of the beam, the diamond quality. The choice of diamond thickness is directly related to the working energy and must take into account the opposite effects of X-ray absorption and polarization rate. It is therefore desirable to use thin crystals (to minimize absorption), and not to work too close to the Bragg condition, i.e. at pp much larger than the divergence of the beam and the mosaicity of the crystal. At a given wavelength, one thus has to select a crystal with a large structure factor per unit volume (F h /V ), small mosaicity, and low X-ray absorption. The half wave plate mode is more sensitive to these effects, whereas for quarter wave plate mode it is quite easy to obtain circular polarization rate close to 99%. It is possible to compensate for these effects by using a double phase plate systems composed of two transmission-type phase retarders, as shown in Figure 4d [46] . The off-axis aberrations with the first and the second phase retarders could be canceled out when the two crystals are set in appropriate scattering conditions. An in-vacuum double phase plate setup has been developed and positioned upstream of the diffractometer [48] .
When several types of polarization may be mixed up, the polarization state of the beam is better expressed in terms of Poincaré-Stokes parameters, which are conveniently defined in terms of polarization complex vectorsˆ . For a transverse electric wave propagating along the z-directions we consider the following terms:
and we define the normalized quantitiesP 1 = N 1 /N 0 ,P 2 = N 2 /N 0 as the Poincaré-Stokes linear polarization rates relative to the azimuthal angles (0, /2) and ( /4, 3/4 ), respectively, andP 3 = N 3 /N 0 is the circular polarization rate. Alternative definition of these parameters can be found in Ref. [7, 11] . The detected beam intensity I( ) can be then expressed in term ofP i (i = 1, 2, 3) for any value of as:
] is the polarization rate parallel and perpendicular to the scattering plane defined by the analyser,P 2 = [I (45
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Poincaré-Stokes parameters
Poincaré-Stokes parameters Figure 5 . a) Circular polarized x-ray diffraction of a Bragg reflection (Thomson scattering). The scattered x-ray intensities have the same dependence for CR (green dots) and CL (red circles). The Poincaré-Stokes parameter P 2 = 0 andP 1 = 0, indicating a scattered polarization with a dominant vertical linear polarization. When the scattering angle = 45
• ,P 3 = 0, the scattered x-rays are vertically linear polarized. b) Circular polarized xray magnetic diffraction of a satellite reflection associated to a magnetic cycloid propagating in the direction of the scattering vector Q = G + . CR and CL polarizations give distinct scattered intensities as a function of the polarization angle . In this caseP 1 = 0 andP 2 = ±sin2 , indicating a dominant scattered oblique polarization. When = 45
• ,P 3 = 0 and the scattered x-rays are completely obliquely linearily polarized. c) Interference between an incommensurate displacement wave (Thomson) and the magnetic cycloid at the same Q ( m = ). The ratio between the intensities is t ≈ 0.4. The circular polarized channels are strongly distorted by this interference effect, as it can be deduced from the variation of the Stokes parameters for the CR and CL polarizations.
of oblique polarization. The degree of circular polarization can be determined from the relation
2 ), as far as the beam is completely polarized and we can neglect the depolarization effects. Depolarization effects must be taken into account when we use the phase plate retarders to control the incident x-ray polarization, due to the beam divergence and the spectral width, which produce a degradation of the polarization rate.
Example: Circular polarization in collinear cycloidal magnetic structure Circular x-rays polarization could be used to study non collinear and incommensurate magnetic systems, such as helical, chiral or cycloidal magnetic structures. Figure 5 shows two examples of polarization analysis of a charge and a magnetic reflections, by using the circular left (CL) and circular right (CR) polarizations (quarter phase plate mode) in non-resonant scattering regime.
Let us consider the case of a circular polarization dependence of Bragg reflection, as shown in Figure 5a . Both left and right circular polarizations give the same scattered polarization dependence I ( ). In fact, describing the incident circular polarizations as the complex vectorsˆ CR = (ˆ + iˆ ) and CL = (ˆ − iˆ ) for the circular right (CR) and left (CL), respectively, and exploiting the Jones matrix 03002-p.16 JDN 20 for the Thomson scattering (Eq. (3.1)), we can calculate the the x-ray scattered polarization as:
and from the Eq. (3.8) we can calculate the Poincaré-Stokes termsP i for the Thomson scattered polarization:
As a result, the -dependence of the scattered intensities is as reported in Figure 5a . When the Bragg angle = 45
• , the scattered light is completely vertically linearily polarized, becauseP 1 = 1 andP 2 = 0. For different scattering angle, the scattered polarization is elliptical, because a circular contributionP 3 = 0 is present, but still vertical becauseP 2 = 0.
Let us consider now the case of an incommensurate cycloidal magnetic order, described by the magnetic spin moments S i = S 1 cos( · R i )û 1 + S 3 cos( · R i + /2)û 3 , i.e. rotating in the same plane and in the direction of the scattering vector Q = G + , as shown in (Fig. 5b) . In general for the incommensurate magnetic structures we need to consider the Fourier series of the modulation S i = 1/2 e i ·R i M + e −i ·R i M * where M = S 1û1 + iS 3û3 (notice that in this case S 2 = 0). The two terms M and M * give rise to two satellite reflections at and − , respectively. The non-resonant x-ray scattering differential cross-section is then given by:
Considering only the polarization dependence of the magnetic satellite + , the scattered polarization can be calculated by using the Jones matrix for the non-resonant magnetic x-ray scattering amplitudes (Eq. (3.6)):
The Poincaré-Stokes can be calculated easily from the N i terms: Collection SFN where we have supposed a pure circular cycloid (S 1 = S 2 = S). The Poincaré-Stokes parameters are given by:P 1 = 0 P 2 = ± sin 2 P 3 = ± cos 2 .
(3.15)
Now the scattered light has a dominant oblique polarizationP 2 = ± sin 2 , with opposite sign for CL and CR, as shown in Figure 5 . When the scattering angle is close to = 45
• , it become completely linear and oblique (P 2 = 1 andP 3 = 0). The CL and CR behaviours change symmetrically if the sense of rotation of the cycloid change (M → M * ) or, equivalently, by considering the opposite magnetic satellite − .
Finally, it is interesting to analyze the case in which an interference is produced between the incommensurate cycloidal magnetic structure and a displacement wave at the same propagation vector, for example as a consequence of the application of an external magnetic field (see Sect. 4.2.2) In this particular case the scattered intensities for CR and CL incident polarization interfere and the Poincaré-Stokes parametersP i can be deduced from:
where t is the intensity of Thomson scattering with respect to the magnetic scattering. Notice that when t → ∞ we obtain the case of Figure 5a valid for the Thomson scattering, whereas when t → 0 the case of Figure 5b for the pure magnetic scattering. This scattering technique is particularly useful to study the cycloidal multiferroics, and in particular to determine the magnetic field induced displacement by using the interference between magnetic and charge scattering, as we will see in Section 4.2.
Extreme conditions: Low temperatures, high pressures, high magnetic fields, high electric fields
The development of the extreme conditions at synchrotron radiation facilities remains one of the most promising activities to take advantage of the peculiar characteristic of synchrotron beam: the high brillance, the high collimation and the easy focusing. However, in the domain of magnetic and resonant x-ray diffraction, and in general in most of the photon-in photon-out techniques, the development of low temperatures, high pressures, high magnetic and electric fields is a real challenge for the sample environment design. Indeed, hard x-rays in the enegy range 3.5-20 keV are strongly absorbed by materials, in particular when the working energy is close to the absorption edges. Moreover, the intense photon beam produces heating effects on the sample surface, causing sometimes damages at the sample itself. This poses limitations to the materials which can be used for x-ray windows, and limits the lowest temperatures which can be reached with cryostats.
Low temperatures
Most magnetic systems order at low temperatures, and the characterization the important thermodynamic order parameter requires a precise determination of the real temperature at the surface of the sample. The total photon flux impinging the samples inside a cryostat obtained with two undulators can be estimated to be about 10 13 phot/sec over a surface area of 500 × 500 m 2 . At 9 keV this corresponds to a heating power of about 40 mW. As a result, below 5K it is necessary to attenuate the beam to reach the lowest temperature phases. The strong absorption of the sample 03002-p.18 JDN 20 surface around the characteristic working energies affects the thermal behavior of measured materials. Indeed, the sample composition (insulating, metallic, superconductive materials), the thermal contacts, the absorption around the characteristic edges, the exchange gas are all important parameters to be taken into account to reach the lowest temperatures. The high photon density at the entrance of the cryogenic equipments prevents the use of the kapton for windows, because it burns very rapidly with consequences on the vacuum performances or implosion of the cryostat itself. To improve the cryogenic performances, special Be domes and windows have been designed for low temperature Displex and cryostat, with different thickness for sample exchange gas (250 m), thermal radiation screen (250 m) or external vacuum insulation (500-700 m).
High pressures
The application of high pressures at low temperatures on strongly correlated electron systems leads to variations manifested in the electronic structure. By acting on the lattice parameter, hydrostatic pressure may vary the overlap of orbitals, thus altering the balance of competing magnetic and electronic interactions that are responsible for anomalous low temperature thermodynamic and transport properties, thus playing an essential role in elucidation of physical properties. RMXS could therefore be an ideal technique to be combined with hydrostatic pressure in order to determine structural and electronic order parameters as a function of bond lengths [49] . The development of a hydrostatic pressure technique for resonant magnetic scattering is a difficult challenge because RMXS cross sections is weak and the x-ray absorption is severe in the energy range 5-10 keV. A possible solution was undertaken by using Be gaskets, which is highly transparent to x-rays in the exploited energy range [50] . Hydrostatic pressure was created via a moissanite (SiC) anvil cell allowing the possibility of high pressure in combination with large sample volumes, connected to a hydraulic pressure stick compatible with a standard 4 He evaporation cryostat (Fig. 6a) . Figure 6d ,e show two examples of application of this pressure setup. The first example concerns the RXMS at Ce L 3 edge of Co-doped CeFe 2 single crystal. Notice that the case of CeFe 2 was particularly difficult, because of the weakness of the resonance at Ce L 3 edges and the splitting of the rhombohedral domains which further reduced the scattering intensities. Despite these limitations, the specular magnetic Bragg peak (5/2, 5/2, 5/2) is clearly detectable up to 17 kBar, and the comparison with the charge peaks (222) shows the good hydrostatic conditions which could be obtained with this system [51] . The second example shows the determination of the valence state in SmS through the detection of fluorescence yield at the Sm L 3 edge. In this case the fluorescence yield could be determined more easily. The scattering is particularly intense and the experiment straigthforward. The particularity of this measurement was the possibility to change the pressure at low temperature, because of the re-entrant and irreversible behaviour of this first order phase transition, and to find evidence for the predicted magnetic order by RMXS at Sm L 3 edge in the (100) direction [52] .
High magnetic fields
Magnetic fields act directly on the exchange interactions between the magnetic elements and allow fine tuning of the delicate balance between different correlation effects. The combination of external applied magnetic field and RXS technique gives unique possibilities to investigate the complex relationships between the correlated microscopic properties of magnetic materials. Magnetic fields influence the domain formation (magnetic annealing, single magnetic domain studies), can induce magnetic phase transitions (metamagnetism, frustrated magnetism in low dimensional magnets), remove the degeneracy of complex magnetic structures, such as multi-k magnetic structures. For spectroscopic applications like magnetic dichroism, the field direction is generally required to be along the beam direction, and x-ray optical access over a relatively small solid angle is sufficient. direction perpendicular to the beam is preferred, and x-ray optical access over a wide solid angle is needed.
As sketched in Figure 7a , the split coil pair design realizes a vertical field of up to 10 T with a very wide accessible angle in the horizontal plane. This design is unique, and the asymmetric distribution of the wedge spacers and their angular extension limit the top value of the field at 10 T, because of the strong mechanical forces acting between the two magnet split pairs (special reinforcement of the magnet supports limits the magnetic field strength design). The main motivation of this choice was related to the peculiar scattering geometry used in magnetic and RXS, which is restricted to the reflection geometry, and to the wide angle necessary to span the reciprocal space down to the lowest enegies (M-edges of actinides). The homogeneity of the field is about 0.0035% over 1 mm and better than 0.1% over 5 mm in the sample zone. The vertical access is about ±7
• in order to reach off-plane reflections by the "normal beam" detector arm (see Fig. 7b ). The magnet cold bore has an internal diameter of 50 mm at the sample space, allowing very large sample stick to be accommodated (e.g. a diamond anvil cell for high pressure or electrified stick for electric annealing experiments). The magnet is equipped with a variable temperature insert standard Oxford cryostat, yielding the of 1.8-300 K temperature range at the sample. The cooling power is obtained by using part of the liquid 4 He from the main magnet reservoir and evaporating it in the exchanger zone (solid Cu block) under pumping. The installation of external and internal Be windows (see Fig. 7c ) is a necessary improvement for the cryogenic performances of the magnet. 
High electric fields
The application of an electric field on the sample and at low temperatures is an important external parameter to study the novel multiferroics materials. In an electric field experiment the main challenge is to thermalize the sample without producing discharges. A special design of the electric stick head has been chosen, to maximize the thermal contact with the cold sample space bore of magnet or cryostat, as shown in Figure 8 . Fields up to 4 kV/mm have been safely applied at suitably shaped samples. Those two setups leave a completely free scattering surface for the RXS experiment to be performed.
SCIENTIFIC APPLICATIONS
In the following section we will describe some scientific examples of application of RXS and NRXS, addressed to a selected problems in condensed matter physics, in which synchrotron radiation methods
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Collection SFN have been proven to be particularly suited with respect to other complementary techniques. These experiments have been performed at ID20 beam line at ESRF before its closure.
RXS in strongly correlated electron systems
The interplay between charge, orbital and spin degrees of freedom is the key ingredient underlying the physics of transition-metal oxides. An ideal tool for studying the consequences of such a correlation is provided by RXS. The tensorial character of the different RXS amplitudes in the Eq. (2.1) can lead to a breakdown of the extinction rules valid for the crystal structure, giving rise to a forbidden lattice reflections measurable in Bragg diffraction when the photon energy is tuned to the characteristic energy of the atomic system under investigation. In this landscape, forbidden lattice reflections become permitted due to the asphericity of the atomic electron density, giving rise to anomalous tensor susceptibility (ATS) components in the atomic scattering factor. We applied this technique in two cases of interest: a model system KCuF 3 in which we showed that magnetic order is driven by orbital ordering, and that the orbital order parameter acts as a hidden parameter of the magnetic transition. The second case concerns the investigation of the magnetic ground state of V 2 O 3 , in which the analysis of RXS forbidden lattice reflections allows the determination of high order multipoles. The case of RXS on V 2 O 3 is indicative to describe the complexity of the theoretical interpretation of RXS results but also the potentiality of the RXS methods to study the electronic symmetries of the ground state, an important issue in the physics of strongly correlated electron systems.
Interplay between orbital and magnetic order in KCuF 3
KCuF 3 could be considered an ideal model system for Mott-Hubbard insulators containing transition metal ions, whose magnetic behaviour is largely determined by the structural configuration and the presence of nearly degenerate, partially occupied orbitals [53] . The superexchange Hamiltonian must be generalized to include the orbital degrees of freedom, among the spin one, as derived theoretically by Kugel' and Khomskii (KK), who proposed a model able to describe the magnetic structure of substances containing ions with orbital degeneracy [54, 55] . KCuF 3 is a quasi-one dimensional spin-1 2 magnetic system, which orders antiferromagnetically below T N = 38 K with a simple antiferromagnetic structure [56] . The low dimensional magnetic properties derive from the peculiar orbital structure (due to the Jahn-Teller cooperative distortion induced by doubly degenerate e g orbitals of Cu 2+ ) which quenches the ferromagnetic in-plane exchange interaction, as observed in the peculiar magnetic excitations by inelastic neutron scattering experiments [57, 58] .
The experiment was performed by tuning the incident energy at the Cu K-absorption edge, as shown in Figure 9 . Magnetic reflections in KCuF 3 have a magnetic propagation vector q AF = (001), and appear below T N at the Brillouin zone boundaries. Below the absorption edge (i.e. E ∼ 8.950 keV), the polarization analysis of the magnetic reflection (441) shows both the − and the − contributions, as expected for the the NRXMS amplitude, discussed in Section 2.1. Close to the absorption edge, an enhancement of the magnetic intensity appears only in the polarization channel − , and in an extendend energy range (between 8.975 keV and 9.000 keV). This resonance is attributed to electric dipole E1 transitions 1s → 4p, and it arises from the magnetic dipole F
(1) (E1-E1), because it disappears above T N (has a magnetic origin) and because the signal is detected in the rotated channel − , as explained in Section 3.2.1 and in Figure 3 .
Notice that in the narrow energy window around the pre-edge (E = 8.975 keV) a small resonance appears also in the − channel, superposed to the NRMS. In general these magnetic resonances are attributed to 1s → 3d quadrupolar electric transitions E2. The sensitivity to magnetic order at the quadrupole threshold has its origin in the spin polarization of the 3d states, whilst at the 1s → 4p dipole transition-energy the resonant enhancement for magnetic reflections is due to the 4p − 3d 03002-p.22 intra-atomic Coulomb interaction and to the mixing of the 4p with the 3d states of neighbouring Cu atoms (see Table 1 ). Tuning the incident energy across the K-edge of Cu, new superlattice reflections were observed at Bragg positions corresponding to a propagation vector q AT S = (111) (see Fig. 9a ). These forbidden reflections become permitted due to the asphericity of the atomic electron density, giving rise to ATS components in the atomic scattering factor. The origin of this scattering is due to the difference in p x(y) density of states on the two Cu sublattices. In an indirect way it indicates an alternate occupation of 3d x 2 −z 2 and 3d y 2 −z 2 Cu 2+ hole orbitals, attributed to the Jahn-Teller cooperative distortion which remove the orbital (hole) degeneracy. Weak reflections could be found with the propagation vector q AT S = (110), corresponding to an non-alternating orbital arrangement along the c-axis, and the ratio between these two polytypes varies for different samples [56] .
Both the magnetic and orbital peaks exhibit an oscillation with two-fold symmetry when the crystal is rotated around the scattering vector, as shown in Figure 9b . The shift of 45
• between the two curves is a proof that the Cu magnetic moments are directed along the [110] direction of the pseudo-cubic cell whilst the main contribution to the orbital signal comes from the anisotropy of p x(y) density of states on the two sublattices.
As T is lowered, no variations are observed for the charge peaks, neither in intensity nor in position and width. On the other hand, the intensity of the ATS peaks, which is practically constant down to 43 increases below this temperature and saturates below 38 K (Fig. 9c) . A similar increase in intensity of the orbital peaks, in a temperature region where the orbital order parameter is expected to be saturated, has been reported near T N for several manganites [59] . An account for the behavior of vs T can be given assuming that the magnetic order is driven by the orbital order, in the sense that the exchange constants between neighbouring atoms are determined by the relative orientation of the occupied orbitals. A simple Landau effective free-energy F , which assumes that T N is determined by the exchange constants and that those are in turn related to , can be easily written as a function of and the magnetic order parameter S. At high temperature, T > T OO (T OO = orbital ordering temperature), both and S are zero. As T becomes smaller than T OO , begins to grow, with S still vanishing until T N is reached. For T < T N , also S is non vanishing; the equation determining is then modified, being given by the minimization of F with respect to both order parameters. As shown in the inset of Figure 9c , a steeper rise and a larger saturation value of is obtained as the temperature further decreases below T N , in agreement with the experiment [60] . This precursive transition have been observed in the crystal field excitation by optical method and understood in term of magnetic and exchange-induced dipole mechanisms and vibronic interactions, providing evidence for a symmetry change above the Néel temperature that affects the orbital ordering. [61] Far from the absorption edge, in the non resonant regime, it is possible to determine the ratio between the orbital L(Q) and the spin S(Q) moments. In the case of vertical scattering geometry and when the magnetic moments are perpendicular to the scattering vector, the expression of NRXMS amplitude in Eq. (2.5) assumes a simple form (see Eq. (3.4) ). The azimuthal dependence of the AF reflection (005) has a simple sinusoidal dependence, in which the maxima in the − (or the minima in − ) polarization channel correspond to the condition in which the Cu magnetic moments are perpendicular both to the Q vector and to the scattering plane, i.e. they are oriented along the [110] direction, in agreement with RXS data (see Fig. 9b ). Notice that the zero intensities in the sinusoidal oscillations insure that a single magnetic domain is probed. From the polarization analysis of different AF reflections it was possible to determine the ratio between the spin and orbital magnetic moments S/L, as shown in Figure 10b [40] .
Open questions remain to be solved, as for example the role of doping or OH − inclusions, which reflect different electronic behaviour observed in crystal grown with Bridgman method and in which the energy spectra differ from the crystal grown by aqueous solution [62] . These observations suggest that, despite the simplicity of the magnetic and orbital structure, the observed electronic effects appear to be 03002-p.24 
High order multipoles in Mott-Hubbard
is an archetypical Mott-Hubbard metal insulator [63] , whose electronic properties remain elusive despite a large program sustained over several decades of experimental and theoretical studies. At room temperature vanadium sesquioxide crystallizes in the -corundum structure as -Fe 2 O 3 (space group R3c), which can be described with a pseudo-hexagonal space group (Fig. 11a) . The stoichiometric compound V 2 O 3 undergoes a strong volume contraction from paramagnetic metal (PM) to antiferromagnetic insulating state (AFI) at T N = 150 K, with a monoclinic first order transition (space group I2/a), and a magnetic structure shown in Figure 11a [64] . Chromium doping induces a moderate volume contraction from PI to AFI states below T N = 180 K [65] . In 1978 Castellani et al. [66] proposed a theoretical model that explained the magnetic structure in AFI state from the ordering of V t 2g degenerate orbitals. Our work started in 1999, stimulated by the discussions with the work of theory group at ESRF [67] .
A general overview of the energy dependence of all the forbidden lattice reflections observed at V K-edge are reported in Figure 11b as a function of the x-ray polarization and azimuthal dependence. At room temperature forbidden lattice reflections (00 . l) H with l = 3(n + 1) appear at the V K pre-edge, as shown in Figure 11b for [28] , and these amplitudes have been associated to the 1s → 3d (electric quadrupole transition E2) the electric dipole E1 transitions 1s → 4p being forbidden for this class of reflections [29] . A more detailed analysis based on structure factor calculation and multipole expansion showed that they can be attributed to the parity-even and high order multipoles associated to the electric hexadecapole F (4) (E2-E2) and to the parity-odd electric octupole F (3+) (E1-E2) due to the lack of inversion symmetry at the V-site [74] .
In the low-temperature AFI phase, the 3-fold symmetry is lost due to the monoclinic transition and these forbidden reflections split in three monoclinic domains, which could be indexed (in the monoclinic setting) with the Miller indices (101) m [65] . The energy scans show now a dominant contribution due to the electric quadrupole F (2+) (E1-E1) in a broad energy region of about 20 eV around 5.475 keV, as shown in the second panel of Figure 11b . The F (4) (E2-E2) and F (3+) (E1-E2) contributions are also permitted in the pre-edge, but they are strongly affected by the interference effect due to the F (2+) (E1-E1) contribution. Notice that in 2.8% Cr-doped samples weak electric quadrupole contribution exists also at room temperature and increases in intensity by approaching T N , an indication of a local loss of "corundum" symmetry in favour of a short-range monoclinic precursive symmetry [75] . Open questions remain on the role of Cr doping which is responsible for the "moderate" first order transition, destructive in the pure compound, and more generally in the determination of the metal-insulator transition in the paramagnetic phase of V 2 O 3 .
In the AFI state, two new class of reflections appear, with the intensities several orders of magnitude weaker than the previous one, and associated to the magnetic part of the scattering amplitude (i.e. time odd). The first class of reflections are defined by the selection rule k m − l m = odd and h m = even, as for example the (221) m shown in Figure 11 , and they correspond to the magnetic reflections found also by neutron scattering [64] . In fact the NRXMS intensity is present far from the absorption edge, as we can see from the low energy part of the spectra (i.e. at E=5.450 keV). The broad resonance observable only in the − channel is attributed to the magnetic dipole term F (1) (E1-E1) and associated to the magnetic polarization of the 4p V bands, whereas the pre-edge region contains a resonance centered at E = 5.465 keV which appears in both the polarization channels − and − . This last resonance could contain both the time odd and parity even magnetic dipole F (1) (E2-E2) and magnetic octupole F (3) (E2-E2), but the analysis of its tensorial character is complicated by the presence of the strong interference with the dominant magnetic dipole term F (1) (E1-E1). The second class of forbidden lattice reflections, with k m − l m = even and h m = odd are visible only when we tune the incident photon energy around the narrow pre-edge, and shows a particular azimuthal dependence. Because of the selection rules, the (E1-E1) dipole transitions associated to the virtual transitions toward the 4p states are forbidden, and only high order multipoles contribute to these classes of reflections, as in the case of the (331) m , where the azimuthal dependence shows a peculiar polarization behaviour on both the polarization channels (Fig. 11b, bottom panel) .
The observation of these reflections and their interpretation in term of time-reversal and parity breaking symmetries has opened an intense debate during the last years, acting as a driving force to improve theories and experiments. The first interpretation of these reflections as a possible orbital ordering pattern, deduced by the Castellani model [66] , was quickly abandoned, because the measure of the L/S ratio in the NRMXS regime showed that the V ions have a spin S = 1 [15] , instead of S = as stated by the Castellani model, and in accord with magnetic dichroism experiments [68] . This was a strong indication that in the AFI phase the intra-atomic correlations prevail over band delocalization, contrary to the assumption made by the Castellani model.
A set of theoretical models about the AFI ground state of V 2 O 3 are based today on a description of a molecular spin state of V ions of spin = 2 [69] [70] [71] . Further experiments have been performed to shed light on these RXS forbidden reflections, rising some doubts, based by structure factor calculations, 03002-p.26 JDN 20 about the possibility that the observed "orbital" reflections could have a magnetic character, i.e timeodd [72] . Considerations based on the chemical and magnetic space groups, determined previously by neutron diffraction, have led to a different theoretical interpretations about their physical origin: at the beginning Lovesey et al. [73] attributed these resonances to parity-even (E2-E2) multipoles, whereas Tanaka attributed them [71] to a parity-odd (E1-E2) V multipoles. In 2004 Joly et al. [24] , using ab initio calculations attempted an interpretation in terms of parity even (E1-E1) and (E2-E2) and parity-odd (E1-E2) events. An exaustive calculation made finally by Lovesey et al. [77] reached the conclusion that two dominant effects are present in the multipole expansion: a parity-odd high order multipoles, which include the polar toroidal octupole F (3−) (E1-E2) and the polar toroidal dipole F (1−) (E1-E2), called also anapole, and the parity-even high order multipoles, which include the magnetic octupole F (3) (E2-E2) (see Table 2 ). The advance of calculations and prediction using ab-initio simulations, based on multiple scattering theory and a relativistic extension of the Schrödinger expansion, has open the avenue to a new class of experiments, in which more degrees of freedom have been introduced to disentangle the high order multipole resonances, as for example the use of phase plate polarimetry to change the incident linear polarization and the full analysis of the Stokes parameters of the scattered light [76] .
An experiment was designed to isolate and to characterize these classes of high order multipoles, by exploiting all the full polarization capabilities, including the azimuthal scans (see Fig. 12a ), a complete polarization analysis of the scattered beam, and by exploiting a phase plate retarder in halfwave plate mode (see Fig. 4b ), in order to change the incident linear polarization continuously from 0
• to 180
• (angle inc in Fig. 12c ). Two particular reflections of type (h0l) m and h m = odd have been selected, because their structure factors contain a dominant parity odd (E1-E2) contribution, the contribution from parity-even (E2-E2) being absent with a good degree of approximation, as suggested by theoretical predictions [77] . Combining these experimental informations and fitting the collected data to the scattering amplitude derived from the established chemical I2/a and magnetic space group, we have finally provided a direct evidence of the ordering motif of vanadium magnetoelectric multipoles, as shown in Figure 12d . From this analysis the expectation values of V magnetoelectric multipoles that are time-odd and parity odd for all the values of their rank could be calculated precisely [78] .
The study of these contributions by resonant x-ray diffraction is of fundamental importance in current developments of the electronic structure of materials with complex electronic properties, such as magnetoelectricity, piezoelectricity, and ferroelectricity [25] . This work shows the potentialities of RXS to probe directly the multipoles in a crystal with directness of purpose not available with any other experimental method in science of materials.
Multiferroics compounds
The study of multiferroic materials is a rapidly expanding field today thanks to the discovery of a strong coupling between spontaneous long-range magnetic order and ferroelectric order. The big challenge is to find multifunctional materials where multiple physical properties like magnetism, ferroelectricity and ferroelasticity, could be simultaneously exploited in advanced applications in electronics and data storage.
The "multiferroics renaissance" began in 2003, with the discovery by the group of Tokura and Kimura of a magnetic phase in TbMnO 3 coexisting with a spontaneous ferroelectric polarization [79] . This compound can be considered to be the progenitor of a class of multiferroics of type-II, in which it is the magnetism itself that produces the ferroelectricity by a particular magnetic mechanism. The intrinsic effect is due to the spin frustration, which produces an incommensurate and non-collinear magnetic order, responsible for the breaking of the magnetic inversion symmetry, and which is accompanied by non-centrosymmetric lattice distortions, responsible for the induced net electric polarization.
Due to the competition between several interactions, the ordered magnetic moments are forced to take non-collinear configuration in which they are canted, and frequently the modulation period of 03002-p. 27 Collection SFN ( 
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Int. Intensities (arb. units) magnetic moments does not coincide with the crystallographic periodicity, as shown in Figure 13 . These systems are described as spin density waves, where we can define a spin current j s = S i × S j , in analogy with the superfluid current. The electric polarization P is related to j s by the relation P ∝ e ij × j s , where e ij is the vector connecting the magnetic sites S i and S j , and is a constant which depends on the spin-orbit coupling and the super-exchange [80] . Different theories based on microscopic [80] or phenomenological [81] approaches have been proposed to explain the origin of the multiferroicity in these compounds, but any direct measurement of the relationship between the magnetic exchange coupling and the ionic displacements has not been possible until now.
In the following sections we present the experimental work in two multiferroics materials, Ni 3 V 2 O 8 and TbMnO 3 , in which the onset of a cycloidal magnetic order drives the formation of a ferroelectric state. A key feature in these compounds is the possibility to control the population of magnetic domains (defined by the handedness of the cycloids) by an in-situ electric field. The combination of magnetic nonresonant diffraction by circularly polarised X-rays with the full linear polarimetry of the scattered beam opens the way to a new class of experiments, in which the magnetic order of complex magnetic materials under applied electric and magnetic fields is probed. This technique brings a strong experimental sensitivity to the imbalance in the domain populations, since the handedness of the circular polarisation 03002-p.28 anti-clockwise domain Figure 13 . In an incommensurate modulate magnetic structure the periodicity T of the magnetic moments (red arrows) does not coincide with the crystallographic periodicity. a) A sinusoidal modulated magnetic structure is centro-symmetric and does not produce any electric polarization P. b) In a helicoidal magnetic structure (in most cases) the electric polarization P is absent, because the spin current j s = S i × S j is parallel to the helix propagation direction e ij . c) In multiferroics of type-II the cycloidal modulation produces a net electric polarization P (blue arrow) perpendicular both to the direction of propagation e ij and to j s . d) The spin-lattice coupling mechanism in a magnetic cycloid is described by the "inverse Dzyaloshinskii-Moriya effect", based on the anti-symmetric exchange, where the oxygen ion displacements produce a net electric polarization (blue arrows). Notice that two magnetic domains exist with opposite polarization directions, defined by the spin rotation (or by the direction of the spin current j s ).
naturally couples to the sense of rotation of the magnetic moments, leading to an accurate description of the domain state and to the refinement of the magnetic structure. Circularly polarised XR experiments performed on TbMnO 3 allowed to shed more light on the complex magnetic structure of this multiferroic compound, a challenging test case due to its two magnetic sublattices on the Mn and Tb sites, by identifying components of the ordering on the Tb sublattice and phase shifts that earlier neutron diffraction experiments could not resolve. The application of a magnetic field in the ferroelectric phase allowed us to study the oriented displacements of atomic sites at the femtoscale, by exploiting the magnetostriction mechanism. A theoretical analysis of the observed displacements allowed us to shed light on the basic mechanisms responsible for the magnetoelectric coupling in these compounds.
Imaging of cycloidal domains in
is an example of a magnetoelectric multiferroic in which magnetism and ferroelectricity not only coexist, but are coupled together. These materials present an interesting opportunity for technological applications, but this is reliant on overcoming an outstanding challenge, namely understanding the evolution of the domain states in external applied magnetic fields, and our work presented here is a first step in this direction.
Circularly polarized XR naturally couple to the handedness of spin cycloids, and through a complete Stokes polarimetry analysis of the scattered beam it is possible to identify information on magnetic structures that is typically inaccessible through neutron diffraction experiments. In the case of Ni 3 V 2 O 8 , the method not only facilitated the refinement of the magnetic structure, but also allowed real space 03002-p.29 images of the magnetic cycloidal domains to be obtained. Their evolution is followed as they are controlled via the magneto-electric coupling by the applied electric field, and cycled through a hysteresis loop, thus collecting valuable information on domain formation, inhomogeneities and domain wall movement.
The XR incident polarization, normally linear and parallel to the scattering plane (polarization ), can be modified in circular right (CR) or circular left (CL) polarizations by a diamond quarter wave plate, with an efficiency close to 99% (see Fig. 14a ). A polarization analyser in used to determine the Stokes-Poincaré parameters of the scattered beam.
In Ni 3 V 2 O 8 there is a low temperature incommensurate (LTI) phase between 2.8 K and 6.3 K that is accompanied by the onset of a finite spontaneous electric polarization, as shown in Figure 14b [85] .
Based on neutron diffraction experiments it was proposed that this LTI phase corresponded to a cycloidal order of the spins on two different symmetry nickel sites "spine" and "cross-tie", as shown in Figure 14c [84] . These two sites could be selectively probed by taking advantage of the magnetic structure factor. Indeed, magnetic reflections can be classified according to their indices (hkl): in type-1 reflections (h = odd, k = odd, l = odd), cross-tie moments cancel such that only the spine site moments contribute; in type-2 reflections (h = even, k = even, l = odd), the reverse is true, such that the crosstie moments are singled out; in type-3 reflections (h = odd, k = odd, l = even), both moment types contribute to the scattering.
The sample was mounted such that the spin cycloid lays in the horizontal scattering plane, which resulted in the polarization state of the scattered beam being strongly sensitive to the domain populations, and cooled down under an electric field, in order to obtain a single magnetic domain. Figure 14d shows the polarization analysis of two class reflections, type-1 (5 + , 1, 1) in which only the spine moments contribute, and type-3 (5 + , 1, 0) which include both spine and cross sites. Starting with the pure spine type-1 only reflection (5 + , 1, 1), we have compared our data for both CL and CR with a calculation for the magnetic structure proposed in an earlier neutron-diffraction study, which include both the Ni site ordered [84] . These experimental results show unambigously that the Ni magnetic moment on the cross-tie sites remains disordered. As a results, the onset of ferroelectricity is associated with the cycloidal ordering of the moments on the spine sites only. From Figure 14d we can also deduce that the scattering process converts quite completely the incident circular polarization state into a linear oblique polarization state inclined at 45
• with respect to the scattering plane, and described by the Stokes parameterP 2 , as defined in Eq. (3.9) . By determining the value of P 2 at different points over the sample surface it is then possible to extract the domain populations.
To establish the evolution of the domains as a function of E field, the sample was initially cooled to 5 K with no voltage across the sample. The incident beam spot was then reduced in size to (250 × 380 m 2 ) to maximize the resolution while still giving a reasonable count rate in the detector. The sample was rastered through the beam measuring the value of P 2 at each spot and hence finding the percentage of left-and right-handed magnetic cycloidal domains. Then a voltage was applied whilst remaining at 5 K, before repeating the measurements of P 2 . Figure 15 reveals that this method allowed us to resolve inhomogeneities in the domain populations with a good resolution. The evolution of the domain populations is gradual, with the boundary between the two shifting as a function of applied electric field, as opposed to the nucleation of one domain within the other, which would lead to a 03002-p. 31 Collection SFN more randomnized distribution. After a complete hysteresis loop, the domains become pinned close to the edges of the sample, an indication of a presence of finite size effects, due to self-induced demagnetization or depolarization fields, and driven by the need to minimize surface energy. By averaging the domain populations over the central area (unaffected by the closure domains) it is possible to extract a magnetic domain population hysteresis loop, and compare it with electric polarization measurements (Fig. 15c) . The excellent agreement indicates that by imaging the magnetic domains in multiferroic Ni 3 V 2 O 8 we are in effect also imaging the ferroelectric domains.
The demonstration of the possibility to image the multiferroic domains in Ni 3 V 2 O 8 opens up the prospect to use this technique to image the evolution of magnetoelectric domains under the effect of applied electric field in operational devices, to study memory effects within hysteresis loops, and, on optimising the x-ray focusing on a micrometer scale, to analyse the mesoscopic structure of the domain walls [86] .
Circularly polarized x-ray magnetic scattering experiments in TbMnO 3
TbMnO 3 is the canonical magnetoelectric multiferroic, in which the phase transition to a non-collinear cycloidal spin arrangement at T = 27 K is concomitant with the onset of electric polarisation as a result of the breaking of inversion symmetry [79] . The experimental setup is similar to that shown in Sect. 4.2.1, where the sample was cooled down to T = 15 K in a superconducting magnet with an applied electric field in the b direction (see Fig. 16a ). We have investigated the ferroelectric (FE) phase in which an incommensurate (IC) cycloidal phase is formed at Mn site, as shown in the magnetic phase diagram of Figure 16b .
Four magnetic satellite reflections (4, ± , ±1) corresponding to the incommensurate magnetic modulation ( = 0.28 rlu) of TbMnO 3 are detected as a function of the crystal polarisation analyzer angle , discriminating the scattered XR polarization, as shown in Figure 16a . Because of the coupling between the handedness of the magnetic cycloid and the circular XR polarizations, it is possible to distinguish the population of the magnetic domains, associated with the sense of rotation of the magnetic cycloid.
We established our experimental sensitivity to the imbalance in the magnetic domain populations produced by cooling down the sample with opposite electric field E polarities, by demonstrating the complementary behaviour of the intensities of the four magnetic satellites for circular left CL and CR polarizations depending on the sign of , as shown in Figure 16a . This differs strongly from the expected results for equi-populated domains in which case the signal should be very similar for CL (red dots) and CR (green dots). Notice that the magnetic satellite intensities change also with the sign of the magnetic propagation vector , whereas it does not for the incident linear polarization (black dots). By switching the electric field, the CL and CR polarizations produce a reversal behaviour on the magnetic satellite intensities, because the magnetic cycloid changes its sense of rotation. This is well shown in Figure 16c , where the scattered x-rays polarization is analyzed in detail for the magnetic satellite (4, − , −1) as a function of two opposite electric fields. Finally, by rotating the crystal polarization analyser around the scattered wavevector k , the Stokes-Poincaré components of the diffracted XR could be determined, and the detailed information encoded in the magnetic satellites could be disentangled.
Whilst typically magnetic structure determination involves refining the intensity data for as wide a range of magnetic satellites as possible, instead we took advantage of the scattering cross-section for non-resonant X-ray magnetic scattering, in which the coupling of the polarisation state and the experimental geometry enables the magnetic structure to be refined just using the full polarization dependence of only four satellite magnetic reflections. The technique not only provides unique insight into the formation of cycloidal domains, leading to a quantitative description of the domain state, but also allows the refinement of the magnetic structure obtained from an earlier neutron diffraction study [90] . In particular, the absolute sense of rotation and the phase shifts of individual magnetic sublattices 03002-p.32 have been analyzed in detail. The resultant magnetic structure is shown in Figure 16d , in which both the Tb and Mn magnetic moments are represented [87] .
The effect of a static magnetic field on a system of magnetically ordered atoms is, in general, to induce a uniform ferromagnetic component parallel to the applied magnetic field. In non-collinear magnetic systems like TbMnO 3 , the application of a sufficiently strong magnetic field can rotate the plane of the cycloid [91] and hence rotate the direction of the measured electric polarization defined by the antisymmetric Dzyaloshinskii-Moriya coupling (see Fig. 13 ). Here we are particularly interested in the symmetry breaking effect of a magnetic field applied in the ferroic phase, in order to study the spin-lattice coupling. A non-resonant X-ray scattering investigation of TbMnO 3 under applied magnetic field has revealed the possibility of finding magnetic and charge displacive amplitudes of the same order of magnitude superposed at the same reflection. By analyzing the interference between the magnetic and charge displacive amplitudes, we are able to obtain detailed information regarding the nature of the displacements as a function of applied magnetic field. This interference method is explained in the example of Figure 5 , and is very sensitive to displacements on the femtometer scale: in effect the 03002-p.33 Thomson amplitude interferes with the magnetic amplitude, known by its structure factor, and therefore it is determined in absolute units with its correct phase.
As shown in Figure 17a , when the magnetic field H was applied along the b-axis of the sample, on analysing the XR polarization of the magnetic scattered intensities as a function of the applied magnetic field, the signal produced by the atomic displacements interferes with the magnetic scattering amplitude. Indeed, the polarisation analysis of the magnetic reflection (4, , −1) as a function of the magnetic field H applied along the b direction shows an extra contribution which increases with H , and is superposed to the magnetic signal. This contribution is attributed to the charge displacement wave, due to a physical mechanism associated with the symmetric exchange striction that is produced on creating an imbalance in the magnetization density between nearest neighbors. There are no reports in the literature of a change in the magnetic structure below the spin flop transition field (flop of the cycloidal plane), and indeed these data could only be fitted by including charge Thomson scattering into our calculations for the scattering cross-section, as described in Eq. (3.16).
The physical origin of the charge scattering is the magnetostrictive atomic displacements due to interactions between the zero field moments and those induced by the applied magnetic field, which have the same periodicity as the magnetic ordering (Fig. 17b) . The analysis of this interference phenomenon for several magnetic reflections, taking the group symmetry compatible with the applied magnetic field into account, allowed us to extract a detailed model for the induced ionic displacements. One of the physical mechanisms responsible for these displacements is associated with the symmetric exchange striction that is produced on creating an imbalance in the magnetization density between 03002-p. 34 JDN 20 nearest neighbours as described in Figure 17b ,c. The absolute measurement of the ionic displacements as a function of the magnetic field leads us to draw conclusions concerning the microscopic coupling mechanism in the ferroic phase in zero magnetic field, such as the necessity to include certain symmetric exchange contributions to the bulk electric polarization, and to estimate the magnitude of the induced polarization [89] .
A specific feature of these experiments is that they were performed at three different energies to enable the separation of the signals arising from the Tb and Mn ions through the changing ratio of the dispersion corrections for the atomic scattering factors. By analysing the results for two reflections (4, , ±1) at the three energies we have established different displacement modes [92] . One of the dominant modes responsible for the charge scattering is the Tb motion of 192 fm/T along the c-axis. It is the interaction between the Tb induced moment along b with the zero field parallel component of the Mn moment which leads to this displacement. These displacements are in anti-phase and therefore sum to give zero net electric polarisation. By relating the size of the induced moment along b on the Tb ions in a magnetic field, with the magnitude of the b-component of the moment in zero field, we can estimate the magnitude of the zero field atomic displacements, obtaining 21 ± 3 fm for the Tb displacements along c. However, in contrast to the magnetic field situation, in zero field these displacements are in phase along c (Fig. 1c) , giving an electric polarisation of 150 C/m 2 . Thus we have revealed a mechanism concurrent to the Dzyaloshinskii-Moriya interaction, due to a symmetric interaction between parallel moments, which produces an electric polarisation which accounts for one quarter of that observed in bulk measurements.
This new XR experimental technique uses the magnetic field to control and tune the effects of magnetostriction in complex non-ferromagnetic systems, and permits the study of spin-lattice coupling terms with unprecedented accuracy.
SUMMARY AND CONCLUSIONS
The combination of x-ray atomic spectroscopy and diffraction at synchrotron radiation facilities offers a new perspective in the investigation of electronic and magnetic ordering phenomena in condensed matter physics. The main advantage with respect to the absorption spectroscopic methods is the possibility to coherently disentangle the electric and the magnetic degree of freedom by using the combined spectroscopic, structural and crystallographic methods. This is particularly suitable in the study of strongly correlated electron systems, in which the complex interaction between the charge, orbital and spin degree of freedom can determine peculiar phenomena like superconductivity, colossal magnetoresistance, metal-insulator transition, charge ordering and orbital ordering.
This manuscript summarizes the experimental and the theoretical achievements in the domain of magnetic and resonant x-ray scattering, describing a set of experiments done during the last ten years and which present an increasing complexity in term of experimental and physical interpretation of the scattering phenomena. Indeed, during this last decade we have demonstrated the potential of these methods by improving the experimental setup in synergy with the theoretical analysis and interpretation of the experimental data, pushing the evolution of the x-ray instrumentation to the limit of the measurability, and exploiting all the main characteristic of third generation synchrotron radiation sources: high brillance, high polarization rate, high Q-resolution.
The main scientific case for RXS in the hard x-ray regime is focused on measurements of the diffracted intensity of forbidden lattice reflections appearing as a consequence of broken lattice symmetries (magnetic, charge or multipolar), and characterizing them in terms of light polarization, angular dependence about the scattering vector (azimuthal dependence), and energy dependence across the absorption edge. The shell and the chemical selectivity of the RXS technique allows to probe directly the 3d and the 4p shells of transition metals (K-edge), the 4f or the 5d shells of lanthanides (L-edges), and the 6d or the 5f shells of actinides (L-and M-edges). The azimuthal dependence is a method which 03002-p. 35 Collection SFN directly probes the symmetries of the tensors involved in resonant scattering amplitudes by measuring the diffracted x-ray linear polarization upon rotating the sample around the scattering vector.
The possibility to control the incident beam polarization by diamond phase plates and to analyze the polarization of the scattered photons as a function of the azimuthal scattering geometry and the incident energy will play an important role in the future development of synchrotron based methods, providing a way to obtain information on the symmetry and the nature of resonances when several multipole excitations close in energy contribute to the same transition.
This technique has been essential in a number of high-profile cases, as for example the orbital and charge ordering in transition metals [94] [95] [96] [97] [98] [99] [100] [101] , frustrated magnetism in low dimensional magnetic systems [102, 103] , multiferroics [104, 105] , heavy fermion antiferromagnets [106, 107] , picnide superconductors [108] [109] [110] , magnetic thin films and multilayers [111, 112] .
High order multipoles have been detected in actinide compounds [113] [114] [115] [116] [117] , rare earth compounds [118] and transition metal compounds [76, 119, 120] . The knowledge of the electric and magnetic multipoles of both parities under space-inversion and time-reversal can be of great importance in order to understand the physics of strongly correlated electron systems, and their investigation has been a common theme of research during the last 20 years. In the light of this interpretation, the RXS technique can be applied to the investigation of many complex materials, such as Mott insulators, colossal magnetoresistive materials, actinides, high-Tc superconductors, multiferroics, heavy fermions and other transition metal oxides, in which orbital or multi-polar hidden order parameters coexist and influence the phase transitions. The separation of the resonant signal in terms of electromagnetic multipoles is, at present, one of the most fashionable ways to classify these experiments and opens new avenues in this research field.
In the non-resonant magnetic scattering regime, the studies of multiferroics has shown the importance of circular polarization in the determination of the non-collinear and incommensurate magnetic structures, a powerful method which could complement neutron scattering in the determination of complex phase relationship between different magnetic sublattices. Notice that by using the circular polarization the absolute sign of the Dzyaloshinskii-Moriya interaction can be known. Indeed, the possibility to control the helicity of the incident polarization with a polarization rate close to 99% and to analyse the scattered photon polarization is essential for the determination of the magnetic domain population in chiral systems, and in favorable cases also the absolute phase relationships between different magnetic sublattices. The improvement of x-ray focusing and the high-Q resolution properties of the x-rays could be essential in future developments of this technique to study and to image the magnetic domain evolution under combined external extreme conditions like high magnetic and electric fields, and potentially also high pressure studies.
It is also important to highlight the complementarities of the hard RXS methods with respect to the soft RXS and the absorption spectroscopies, like circular and linear dichroism. The hard x-ray regime, despite the weakness of resonances (for example at K-edges of transition metals), could give access to the investigation of resonant phenomena in different Brillouin zones, exploiting the atomic site selectivity by the structure factor selection rules, a unique way to analyze complex magnetic or electronic long range structure and their evolution through the phase transitions.
